Introduction
Due to increasing use of light-weight, high-strength composite materials in the aerospace and mechanical engineering applications, shear buckling of laminated plates has received increased attention over the past twenty years. Ashton and Love (1969) , Whitney (1969) , Chamis (1971) , Housner and Stein (1975) , and , among others, have studied shear buckling of composite rectangular plates. Excellent reviews on this subject were written by Johns (1971) and Leissa (1985) . The "postbuckling" behavior of laminated rectangular plates under shear loads has also been examined by a number of authors. For example, Agarwal (1981) , Sumihara et al. (1981) , Matthews (1981, 1984) , and Stein (1985a,b) have examined these postbuckling problems in recent years and some experiments on diagonal tension behavior of shear panels were performed by Kaminski and Ashton (1971) . Stein (1985a,b) found that laminated long plates may carry loads which are considerably higher than the classical shear buckling loads. The effects of the direction of shear load on the postbuckling behavior of these anisotropic rectangular plates were studied by Matthews (1981, 1984) . General computer codes were written by Viswanathan et al. (1974) and Bauld and Satyamurthy (1979) .
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using beam functions. The effects of shear loads on antisymmetrically laminated cross-ply cylindrical panels simplysupported along all four edges were presented by Hui (1987) . Zhang and Matthews (1983b) also investigated the postbuckling behavior of laminated cylindrical panels under axial compression but not shear load. Surprisingly, it appears that thorough theoretical studies on the postbuckling behavior of laminated open cylindrical panels under shear loads have not been reported in the open literature, even in the important special case of isotropic-homogeneous cylindrical panels. Based on some experiments (Rafel, 1943) and preliminary calculations on isotropic-homogeneous cylindrical panels under shear loads, it may be conjectured that cylindrical panels are still sensitive to the presence of geometric imperfections as in the case of axial load (Koiter, 1956; Stephens, 1971; Hui et al., 1981; Hui, 1985) but possibly to a lesser extent. Thus it is of interest to study the postbuckling and imperfection-sensitivity of laminated cylindrical panels under shear loads. The objective of this paper is to examine the postbuckling behavior and imperfection-sensitivity of laminated open cylindrical panels under shear loads. Koiter's theory of elastic stability is employed and the analysis is based on a solution of the nonlinear Donnell-type equilibrium and compatibility equations. Using Koiter's perturbation technique, a sequence of linear ordinary differential equations are derived for the buckling and postbuckling state, using the simplifying assumption that the cylindrical panels are infinitely long, thus permitting a separable form of the solution. The buckling differential equations are discretized using a central difference scheme and the resulting eigenvalue problem is solved using the shifted inverse power method. Likewise, the second order ordinary differential equations are discretized and solved us-ing Gaussian elimination. The shear buckling load and the associated postbuckling coefficients are presented as a function of the geometric and material parameters of the laminated cylindrical panels. Example problems are chosen from antisymmetrically laminated cross-ply long cylindrical panels, simply-supported or clamped along the longitudinal edges. Parameter variation involving the geometry of the shell specified by the simplified-flatness parameter and the material parameter involving Young's modulus ratio will be presented. Particular attention will be given to Boron-epoxy and isotropic-homogeneous cylindrical panels.
It is found that open laminated cylindrical panels under shear loads have stable postbuckling behavior (not sensitive to geometric imperfections) for sufficiently small values of the simplified-flatness parameter. For larger values of the reduced-flatness parameter, the shear buckling loads of the cylindrical panels are found to be sensitive to the presence of geometric imperfections. This is especially true for Young's modulus ratio close to unity. Long cylindrical panels with clamped edges are less imperfection-sensitive than those with simply-supported edges.
Governing Differential Equations and Classical Buckling Load
The governing Donnell-type nonlinear equilibrium and compatibility equations for generally laminated cylindrical panels are, in nondimensional form, respectively, Hui (1985 Hui ( , 1986b Lrf.(w)+I, 6 .CO+/,"
where,
In the above, Wis the out-of-plane displacement (positive outwards), F is the stress function, R is the shell radius, h is the total thickness of the laminated shell, E 2 is the Young's modulus in the in-plane transverse direction, and the L a .{), L b .{), and L d .() are the nondimensional linear differential operators defined by Hui (1985 Hui ( , 1986 and Tennyson et al. (1971) . Using Koiter's (1945) theory of elastic stability, the total displacement and the total stress function can be expanded in the perturbed form, w=w p + %w 1 + £ 2 w" f=f P + Zfi + Pfit where £ is the amplitude of the normalized buckling mode. The axial compressive load a, the lateral pressure p and the torsional load r are related to the prebuckling stress function /"by,
where N x ,N y , and N xy are the membrane stress resultants. Substituting the total displacement and stress function into the governing nonlinear differential equations and collecting terms which involve £, one obtains, 
For an antisymmetric cross-ply laminate, the nondimensional linear operators are defined to be
Assuming that the cylindrical panel is sufficiently long so that the boundary conditions at the two curved edges can be neglected, the buckling mode can be written in the separable form,
w. The wave number Mis defined as,
where B is the curved distance between the two longitudinal edges and the simplified-flatness parameter 8 S is,
Substituting the separable form of the buckling mode w, (x,y) and fi (x,y) 
However, in all the example problems chosen, the following three boundary conditions are enforced (weakest in-plane conditions), (16) and (17). The above four coupled linear ordinary differential equations with four unknown variables w s (y), w c (y),f s (y), and f c (y) and the associated boundary conditions are discretized using a central finite difference scheme using approximately 200 integration points between the two longitudinal edges (only 100 integration points are used for small 6 S ). The resulting system of homogeneous linear algebraic equations can be expressed in matrix form,
which can be solved using a "shifted" inverse power method (Hui and Hansen (1982) ). Similar to the case of shear buckling of antisymmetric cross-ply simply-supported rectangular plates , the buckling load is independent of the direction of the applied shear loads. Thus, the smallest eigenvalue occurs in positive and negative pairs so that the standard power method fails and it is necessary to use the "shifted" technique. The classical buckling load is obtained by searching for the smallest eigenvalue for all possible values of the "continuous" wave number M. The corresponding buckling mode is normalized such that the largest magnitude of the displacement is one, that is,
Second Order Fields
Substituting the total displacement and stress function (equations (4)) into the governing nonlinear partial differential equations and collecting terms which involve £ 2 , the equilibrium and compatibility equations for the second order fields are, respectively, 
Upon substitution of the separable form of the buckling mode
Wi (x,y) "(x,y) &ndf n (x,y) (x,y) , and/, (XJO and Wu(x,y),fjj(x,y) into the partial differential equations for the second order fields, one obtains two coupled ordinary differential equations in w*(y) and f*(y) and four uncoupled ordinary differential equations in w A (y), w B (y), f A (y) , and /BOO-The two coupled equilibrium and compatibility equations for w*(y) and/*(y) are, respectively, 
The four coupled ordinary differential equations are, from the equilibrium equations collecting terms involving sin (2Mx), respectively, (11), (12)
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, (13), and (14)) by replacing w c (y), w s (y),f c (y),f s (y)
by w A (y), w B {y),f A (y),f B (y)\ further, the wave number M is replaced by 2M and T is replaced by the classical buckling load T C . Since the in-plane boundary conditions for the second order fields do not involve f*(y) nor its derivative, an additional condition is needed to solve the (w*, f) problem. The average second order longitudinal stress is set to zero (Hui, 1984a) (16) and (17) by substituting the appropriate separable forms for the second order fields. The coupled ordinary differential equations and the associated boundary conditions are discretized using a central finite difference scheme and solved using a Gaussian elimination equation solver LINPACK (Dongarra et al., 1979) .
Initial Postbuckling Behavior
The initial postbuckling behavior of a laminated cylindrical panel subjected to shear loads is examined using Koiter's (1945) theory of elastic stability. Koiter's theory was reformulated in terms of the mixed formulation involving the stress function by Budiansky and Hutchinson (1964) . Within the assumptions employed by Koiter for a single-mode system, the structure will be able to carry the applied shear loads in the initial postbuckling stage (that is, not sensitive to geometric imperfections) if the postbuckling b coefficent is positive whereas the opposite is true if b is negative. The degree of imperfection-sensitivity is measured by the magnitude of the b coefficient. In passing, an alternative approach to measure imperfection-sensitivity is to compute the initial postbuckling slope (Stein 1968) ; however, this method will not be used in this paper.
The b coefficient is defined as (Hutchinson and Amazigo, 1967) b= (R l 
The integrations are performed using Simpson's rule with approximately 200 integration points from y = 0 to y = d s .
Discussion of Results
The aim of this section is to present results for the initial postbuckling behavior of laminated cylindrical panels under shear loads. The cylindrical panels are assumed to be sufficiently long such that the boundary conditions at the two curved edges may be neglected. Example problems are chosen from Boron-epoxy laminated panels with the material parameters (Chia, 1980) . J B 1 /£ 2 = 10, Gi 2 /£ , 2 = l/3, P 12 = 0.22 (41) The isotropic homogeneous special case can be obtained by setting,
Within the assumptions of Donnell's shell theory, the present results are valid for all values of the radius to thickness ratio. Figure 1 (a) shows a graph of the nondimensional classical shear buckling load versus the simplified-flatness parameter for long isotropic homogeneous cylindrical panels simplysupported or clamped at the longitudinal edges. It should be noted that the variable T* is defined as,
The dimensional shear buckling load of a long flat plate is approximately the same as that for a cylindrical panel with a small curvature defined by 6 S < 1. For large simplifiedflatness parameter, the classical shear buckling load tends to level out (Hui, 1985) . The optimum axial wave number ranges Figure 1(b) shows a plot of the corresponding postbuckling b coefficient versus the simplified-flatness parameter for isotropic homogeneous, long cylindrical panels. As in the case of axial compression examined by Koiter (1956) and Stephens (1971) Koiter (1956) 
The cylindrical panel appears to be most imperfection- sensitive near 6 S = 5.0 for both the simply-supported or the clamped cases. The cylindrical panels are slightly sensitive to geometric imperfections for large values of 6 S . Figure 2 (a) shows a graph of the classical shear buckling load versus the simplified-flatness parameter for antisymmetrically laminated cross-ply cylindrical panels. The behavior is similar to the isotropic homogeneous case except that the classical buckling load is much higher. Significant reductions in T C are found by comparing the two-layer design (A^ = 2) with the infinite-layer (A^ = infinite) orthotopic cylindrical panels. The shear buckling loads are in qualitative Fig. 2(b) . The b coefficient, for Boron-epoxy cylindrical panels are generally much more positive than that for isotropic homogeneous cylindrical panels, especially for small values of It should be noted that shear buckling loads of "symmetrically laminated" graphite-epoxy angle-ply cylindrical panels simply supported along all four edges depend a great deal on the direction of application of the shear load (Whitney, 1984) . However, for the present "antisymmetrically laminated" cross-ply cylindrical panels, the sign of the shear loads has no effect on the buckling and postbuckling problems. Finally, a plot of the classical shear buckling load versus Young's modulus ratio is depicted in Fig. 3(a) . The fixed parameters are, G n /E 2 = 0A, e 12 = 0.25, 0, = 5.O (45) The shear buckling load is roughly proportional to the Young's modulus ratio over most of the range ofE i /E 2 being considered. Again, the shear buckling loads are found to reduce significantly for a two-layer design due to bendingstretching coupling behavior of the laminated panel.
The corresponding postbuckling b coefficient versus E t /E 2 is shown in Fig. 3(b) . It appears that the increase in the shear buckling load due to higher values oiE x /E 2 is "not" accompanied by a higher degree of imperfection-sensitivity. In fact, the b coefficients are positive for E x /E 2 . Surprisingly, the N L = 2 design corresponds to a relatively large value of the postbuckling b coefficient for sufficiently large values of E x /E 2 .
Concluding Remarks
The postbuckling and imperfection-sensitivity of long, antisymmetric cross-ply cylindrical panels (simply-supported or clamped at the longitudinal edges) under shear loads have been examined. The shear buckling loads of typical laminated cylindrical panels have been computed as a function of the reduced-flatness parameter and Young's modulus ratio. For sufficiently small values of the reduced-flatness parameter, the shear buckling loads of cylindrical panels are not sensitive to the presence of geometric imperfections. This agrees qualitatively with the postbuckling results of long laminated rectangular plates investigated by Stein (1985a, b) . Over most of the practical range of the reduced-flatness parameter, especially for Young's modulus ratio relatively close to unity, the cylindrical panels are found to be postbuckling-unstable, hence imperfection-sensitive. This paper is the first to present a rigorous theoretical postbuckling analysis of laminated cylindrical panels under shear loads and this topic has not been dealt with in the open literature, even in the typical case of isotropic-homogeneous cylindrical panels.
